Rising energy costs and the desire to reduce energy consumption dictates a need for significantly improved building energy performance. Three technologies that have potential to save energy and improve sustainability of buildings are dedicated outdoor air systems (DOAS), radiant heating and cooling systems and tighter building envelopes.
INTRODUCTION
Building owners and designers are increasingly interested in building energy systems that cost effectively reduce energy consumption and energy costs while maintaining comfort and acceptable indoor air quality. Three technologies that have potential for significant energy savings are dedicated outdoor air systems (DOAS), radiant heating/cooling systems, and tighter building envelopes. While each of these technologies, applied individually, can realize energy savings, it is important to think in terms of a systems approach rather than just applying these technologies individually. For example, radiant cooling systems have the potential to save a great deal of energy when compared to all-air heating/cooling systems, primarily due to a major reduction in fan energy. Unfortunately, major moisture and condensation problems can occur if the space dew point temperature (DPT) is not maintained below the surface temperature of the radiant cooling system components. Tighter building envelopes reduce the heating, cooling and dehumidification energy required to overcome the effects of uncontrolled infiltration of outdoor air. They also reduce the amount of makeup air required to maintain positive pressurization of the building.
BASELINE BUILDING DESCRIPTIONS
To better understand the energy impacts of these technologies, we modeled two building types (an administrative facility and a barracks facility) in fifteen U.S. climate zones and sixteen international locations using EnergyPlus. Administration and barracks facilities are the two most common building types in the U.S. Army. Admin facilities are similar in many respects to private sector office buildings and barracks facilities bear similarities to many apartment buildings and hotel buildings with interior corridors. For this study, we developed each baseline facility model in compliance with the requirements of ASHRAE Standard 90. 1-1989 1- (ASHRAE 1989 since the Army has a large inventory of existing admin and barracks facilities which were designed and constructed in accordance with this standard and are current candidates for major renovation and upgrade. For each facility type, we developed "improved" facility models which included DOAS and radiant heating/cooling systems and a "further improved" facility model which included DOAS, radiant heating/cooling and a tighter building envelope. Renderings of the baseline facilities are shown in Figs. 1 and 2 below. Technical specifications are provided in Tables 1 and 2 . The models assumed that the administrative facility was occupied during typical business hours, five days per week. During unoccupied hours, the system enters night cycle mode where outside ventilation air is shut off and zone temperature controls are set back (set up). The barracks facility models assumed that the heating, cooling and ventilating systems were in occupied mode 24 hours per day, 365 days per year.
The baseline administrative facility used chilled water from an air-cooled chiller and hot water reheat at the VAV terminal units supplied by a central gas boiler.
The floor plan of the barracks facility is similar to an apartment building with each unit designed for occupancy by two soldiers. Temperature control in each baseline barracks unit is handled by a single zone constant speed air system cooled by DX and heated by a natural gas furnace.
IMPROVED BUILDING DESCRIPTIONS
The "improved" admin facility uses radiant heating/cooling panels served by chilled water from an air-cooled chiller and hot water from a gas boiler. A constant volume DOAS provides conditioned ventilation air only during occupied hours. The DOAS supply air temperature is governed by an outside air temperature reset schedule. The DOAS provides minimal sensible heating/cooling through water coils supplied by a gas boiler and a chilled water coil supplied by a second air-cooled chiller. The water loops feeding the DOAS are separate from the radiant system. The primary space sensible load is designed to be met by the radiant heating/cooling system. The HVAC system for the "improved" barracks facility is essentially the same as for the "improved" administrative facility. The major difference is that the "improved" barracks facility is assumed to be constantly occupied, thus the DOAS system runs continuously. The DOAS system models for both the administrative facility and barracks facility include total energy recovery (TER) to extract energy from the buildings' exhaust air streams.
The "further improved" models for both the administrative facility and the barracks facility incorporate tighter building envelopes in addition to the DOAS system and radiant heating/cooling system in the "improved" models. 
SELECTED SIMULATION LOCATIONS AND CORRESPONDING ENERGY COSTS
Fifteen locations were selected to represent fifteen climate zones in the United States. The U.S. locations were selected as representative cities for the climate zones by the Pacific Northwest National Laboratory (Briggs et al. 2003 ). In addition, 16 locations were selected outside of the U.S. in Canada and Europe. The 15 U.S. and 16 non U.S. locations are shown in Tables 3 and 4 . Both tables include the ASHRAE Standard 90.1-1989 table numbers for the locations that were used to select the envelope thermal criteria. The 90.1-1989 tables for the non U.S. locations were selected based on the heating degree days (HDD) and cooling degree days (CDD). Flat utility tariffs were assumed for each location (i.e. no energy demand charges are included). The U.S. energy costs are based on flat rates at the average for commercial rates in each state and may not reflect the utility rates at a specific location. A fixed price was assumed for all non U.S. cities as shown in Table 5 . Figures 3 through 5 show the electrical, gas and total energy consumption results for the baseline and "improved" administration facility. In all cases, except San Francisco, the addition of DOAS and radiant heating/cooling resulted in decreased electrical consumption. The reduced electrical consumption was most evident in hot or hot/humid locations (i.e., Miami, Houston, Phoenix and El Paso). Figure 4 shows significant gas energy savings in the cooler and cold locations. This would appear to be a result of the greater efficiency of radiant heating systems than all-air systems. Figure 5 indicates that the DOAS + Radiant systems save energy in most climate locations. In El Paso, San Francisco, and Albuquerque the "improved" system appears to consume more energy than the baseline system. This is further illustrated in Fig. 6 where these locations have negative energy savings. Other locations in Fig. 6 show substantial energy savings, especially in the cooler/cold locations. Figure 7 illustrates the difference in air flow required by the baseline admin facilities as compared to the "improved" facilities using DOAS + radiant heating/cooling systems. The baseline facilities deliver conditioned air to not only ventilate the building but also to control space temperature. By handling space temperature control through the radiant systems, considerable reduction in air flow rates is possible.
U.S. MODELING RESULTS -ADMIN FACILITY
Figures 8 through 12 show modeled results for the barracks facility, including both the "improved" case (i.e., DOAS and radiant heating/cooling) and the "further improved" case (i.e., DOAS plus radiant heating/cooling plus tighter building envelope). In Fig.  8 , one can see that both improved systems showed significant electrical energy reductions in most U.S. locations. This is especially interesting when comparing the barracks facility results in Fig. 8 with the administration facility results in Fig. 3 . Very significant gas energy savings are shown in Fig. 9 , especially in cooler/cold locations. There is also a significant reduction in gas energy consumption in the buildings with improved envelopes as compared to the buildings with DOAS and radiant only. This would seem to be due to decreased heating loads resulting from diminished infiltration of cold air as a result of improved building envelopes. Figure 10 shows the total energy consumption performance of the baseline, "improved" and "further improved" barracks facilities. In Fig. 11 one can see that the "improved" and "further improved" barracks facilities save considerable energy over the baseline facilities. Figure 12 illustrates the difference in air flow required by the baseline barracks facilities as compared to the "improved" and "further improved" facilities. As with the administration facilities, the baseline barracks facilities deliver conditioned air to not only ventilate the building but also to control space temperature. By handling space temperature control through the radiant systems, considerable reduction in air flow rates (and related fan energy) is achieved. 
INTERNATIONAL MODELING RESULTS
Similar simulations were performed for the administration building in sixteen international locations. In Fig. 13 , one can see that the "improved" administration facility had significantly reduced electrical energy consumption in all locations when compared to the baseline facility. However, the electrical savings appeared to be achieved at the expense of an increase of gas usage in most locations as shown in Fig. 14 . Nevertheless, when electrical and gas energy consumption was calculated, the total energy of the "improved" administration facilities was less than for the baseline facility at all locations as shown in Fig. 15 . Figure 16 shows that the "improved" systems realized significant energy savings, ranging from a low of 8% (Paris) to 48% (Stuttgart). 
ECONOMIC CONSIDERATIONS
In most instances, it would be hard to justify the costs of performing a major facility renovation if one's primary motivation for the project was energy conservation. However, in the case of a major facility renovation project, enhanced efficiency features can make good economic sense.
The U.S. Army recently conducted a study at Fort Irwin, CA, to identify possibilities of transitioning the Army towards Net Zero Energy installations. A group of five barracks facilities (each about 25 years old and similar in size and configuration to the barracks facility modeled in this study) were included in the Fort Irwin study. These buildings were studied to determine optional approaches to upgrading the facilities to significantly improve their energy performance.
Under the Army's Barracks Upgrade Program (BUP), barracks facilities typically become eligible for major upgrades at about 25 years of age. A typical upgrade project would normally include complete interior renovation and improving the building envelope with tighter fitting, better insulated doors and more energy efficient windows. Lighting, mechanical systems and appliances are also replaced. Typically, a newly upgraded barracks facility will realize about 8% electrical energy savings and 7% heating energy savings. Although not insignificant, this is not very satisfactory when one considers the amount of money invested in the barracks upgrade project, particularly when one's ultimate goal is to move towards a Net Zero Energy installation.
In a typical barracks upgrade project, existing twopipe fan coil units and makeup air units are replaced in kind. In the Fort Irwin study, four optional approaches to upgrading the mechanical systems were explored. These optional systems include:
o Option 1 -VAV DOAS with Direct Evaporative Cooling o Option 2 -VAV DOAS system with Radiant Heating/Cooling (including direct and indirect evaporative cooling) o Option 3 -VAV DOAS system with Fan Coils (including direct and indirect evaporative cooling) o Option 4 -VAV DOAS with Direct and Indirect Evaporative Cooling Cost estimates for the baseline mechanical system and each of the optional mechanical systems were prepared. Of the four optional approaches investigated in the Fort Irwin study, Option 2 is most similar to the "improved" system discussed in this study. As a result, the estimated costs of a typical mechanical system upgrade and a DOAS system with radiant heating/cooling (including direct and indirect evaporative cooling) are compared in Table 6 below. In Table 7 , other work elements common to a typical barracks upgrade project and an upgrade project performed in accordance with Option 2 are compared. Perhaps surprisingly, the Fort Irwin Option 2 system (DOAS, radiant heating/cooling, direct/indirect evaporative cooling) is estimated to be significantly less expensive to install than the conventional HVAC system using fan coil units and makeup air units. Although this Option 2 system is not identical to the system simulated in our modeled barracks facility, it is sufficiently similar to suggest that the "improved" version of the modeled facility (DOAS with radiant heating and cooling) should be a less costly alternative than the conventional HVAC system it replaced. That being the case, the "improved" system is the obvious choice for the modeled barracks facility since it not only has a lower first cost but also superior energy performance. Having established that, for a major barracks upgrade project, replacing the conventional HVAC system with an "improved" system is a better investment than replacing the existing conventional HVAC system with a similar system, one should consider whether to "further improve" the facility with an enhanced building envelope.
After Similar cost estimates were not performed for the simulated administration facility, so no effort will be made to provide a detailed discussion of the economic payback of a project to "improve" or "further improve" such facilities. Nevertheless, given that the cost estimate for upgrading the barracks facilities indicates that the DOAS with radiant heating/cooling and direct/indirect evaporative cooling should be less expensive than the traditional barracks upgrade project, it seems reasonable to expect that this may also be true for a major upgrade of an administration facility.
CONCLUSIONS
Retrofit of existing buildings with innovative technologies may not be economically viable if one is contemplating a project primarily for the sake of energy conservation. However, if a major renovation project is being planned, one should compare the delta (premium) costs of advanced technologies against the additional energy efficiency realized by the advanced technologies versus the costs and energy performance of conventional retrofit technologies. In many cases, this analysis will demonstrate the wisdom of investing a bit more money in more advanced technologies in order to realize substantial energy cost savings.
In this study, incorporating innovative technologies into major facility upgrade projects was shown to have potential for significant energy performance improvements and may actually cost less than conventional "tried and true" approaches. For example, DOAS systems, when combined with radiant heating/cooling systems and tight building envelopes have significant potential to economically save energy while maintaining comfort. Depending on location, additional sealing of the building envelope may also be cost effective.
